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In the period of February 1, 1971 to April 30, 1978 this
grant supoorted all research involving lunar samples at the
Center for Radiophysics and Space Research at Cornell University.
The principal research topics were:
1. Optical properties of surface and core samples
2. Chemical composition of the surface layers of lunar
grains: Auger electron spectroscopy of lunar soil and
ground rock samples
3. High frequency electrical properties cf lunar soil and rock
samples and their relevance for the interpretation of lunar
radar observations
4. The electrostatic dust transport process
5. Secondary electron emission characteristics of lunar soil
samples and their relevance to the dust transportation
process
6. Grain size distribution in surface soil and core samples
7. The optical and chemical effects of simulated solar wind

(2xeV proton and 1 particle radiation) on lunar material

All these topics constituted separate but often interrelated
experimental research efforts. Some experimental methods and
apparatus had been developed while investigating relevant properties
of terrestrial material in anticipation of the accessibility of
lunar samples. Others, such as the apparatus used for the chemical
determinations, grain size analysis and for the electrostatic dust

transport process were built under this grant and the methods
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involved were conceived in this program.

We consider that the major contributions resulting from our

investigations of the various physical and chemical properties of

lunar material are:

(a) The first and most extensive set of data to date on the

(b)

(c)

(a)

surface chemical (major element) composition of lunar soil
and rock samples, including a number of core samples,
determined by Auger electron spectroscopy and verified by
ESCA.

The observation of an iron-enriched layer on the surface
of soil grains and the establishment of a relationship
between surface iron concentration and albedo.
Experimental demonstration of the ability of simulated
solar wind to produce both the surface iron enrichment

of the grains and (most likely as a consequence) the
carkening of rock powders to the albedo of the soil.
Determination of high frequency electrical properties
(dielectric constant and power loss) of numerous rock and
soil samples, in the latter as a function of density.

The samples constituted a representative set which in-
Cluded material from every Apollc mission. A relationship
of power absorption and iron concentration in the samples
was shown,but more significantly from the range of power
absorbency measured in soil samples and with the help of
available radar information important conclusions were

drawn concerning the physical make-up of the subsurface
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of the Moon.

(e) Experimental demonstration of the electrostatic dust
transportation process and observation of the different
topographic phenomena created by such a process. Results
of the measurement of the first crossover voltage (bom-
barding electron potential at which the number of elec-

] trons hitting a surface area is equal to the number of
electrons emitted by it) for surface soil samples and core
samples gave support to the supposition that layers of

different soils might be deposited by an alectrostatic

transport process without being mixed due to differences
in the secondary electron emissicn properties of these

soils and their consequent "resistance” tc mix under

electron bombardment.

The following papers were published under this grant (an

abstract is shown along with the title of each):
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Pracecdengs of the Therd Lunar Science Conicrence
(Supplement }, Ceorhemece ot ca.-.‘..-nc.m.n
Mol ). pe. JisT-3193
The M.LT. Presy, 1972

Grain size analysis, optical reflectivity measurcments, and
determination of high-frequency electrical properties
for Apollo 14 lunar samples

T. Goup. E. BiLsoN, and M. Yersury
Cemer for Radiophysics and Space Research,
Cornell University, Ithaca, New York 14850

Abstract—The particle size distribution is measured for the Apollo 14 bulk and contingency ﬁnq as
well a3 for 1wo subsampies from the 14230 core sample. Among these sampies there seems 10 be no
significant + arianon in grain size disinbution. Reflectivity measurements on lunar fines from different
Apollo mussions show that their albedo Jecrease significantly after being subjected to a dose of
proton bombdardment wAch would be equivalent to approximately 1.5 x 10* years of solar wind.
Results of dielectne constant and power absorpiion length measurements are reported for Apollo 14
fines and an Apoilo 14 rock sampile. A stnkingly long abvorpuion length 28 wavelengths is obsen ed
for the rock sampie 13310,161 at 350 MHz

Grain Size Analysis and High Frequency Electrical Prcperties of
Apollo 15 and 16 Samples
T. Gold, E. Bilson, and M. Yerbury

Center for Radiovhysics and Space Research

Cornell University, Ithaca, New York 14853
ABSTRACT: The particle size distribution was measured for Apollo
15 and 16 surface fines from various locations and for 11 Apollo
15 deep drill core samples from different depths below the surface.
Significant differences are observed in the size distributions
determined in core samples originating from layers a few cm apart.

The relevance of this finding to the deposition process of soil

)

ayers is discussed. The dielectric constant and the power absorp-

zion length were determined Zfor eight soil samples and three

rcck samples of the Apollo 13 and 16 missions at 450 M4z freguency.

Strikingly low absorption is observed in rock samples 15597 and 6001
and a cenerally lower absorption was measured in all Apollo 15

and 16 soil samples than for earlier Apollo samples.
Proc. %7 Lunar Sci. Conf., “aenchim. o “nsmezhim, Acka 3, 3093~
1.9, ter:;aron, 1273
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CONJECTURES ABOUT THE EVOLUTION OF THE MOON®*
The Moon 7, 293-306, 1973

T.GOLD
Cemter for Radiophysics and Space Research, Cornell Uniy.. lthace, N.Y.. U.S.A.

(Received 23 November, 197)

Abstract. The principal questions about the derivation of the lunar surface have not yet been settied:
is 1t the surface left over from the process of accumulation of the Moon. o 1s it 2 surface generated
by magmatic processes on the Moon and subsequently altered by further :nfall frem outside? The
evidence derived from many sources now favors the former. Seismic data suggest an absence of
bedrock down 10 a depth of several kilometess, and insiead a compacted powder only. The *mascoa’
evidence can be undersiood 38 2 consequence of major impacts in a deep porous layer. The great
abundance of cosmic ray tracks in most $oil samples demands a much greater cosmic ray dosage than
present rates would cause in the age of the Moon, unless the dust represented infalien maenal pre-
viously irradiated. The nuclear age, since freezing, of the dust is greater than that of the rocks found.
The chemical composiion of the dus: is not the same as of the rocks. Strict lavering of the dust has
been seen, implying some process other than meteoritic impacts for us generation and deposition.
These and other effects found can be undersiood in the framesork of a cold accumulation descrip-
tion, in which the surface layers represent the !ast addition of meteoritx infall of a basaitc matenal
similar to, but not identical with the present Masaitic achondnites. The possible relation of this masenal
10 oceanic basalt on Earth is mentioned.

SPUTTERING AND DARKENING OF THE GRAINS ON THE

LUNAR SURFACE
FThoton and Particle Interactions with Surfaces in Space (Grars, ed.),
557-560, D. Reidel Publ., D%;ggfght, 1973

Center for Radiophysics and Space Rescarch. Corneil Unirersuty. lthaca, N. Y. 14350. L' .S.4.

Abstract. Sputtering experiments have been carried out in the lunar laboratory at Comnell (first by
B. Hapke) since 1964. These have shown that solar wind exposure will lead 10 the deposition of a
dark layer on grains of most rocks. The nature of this layer is not yet known with certainty. but it 1s
thought 10 be chiefly due to reduced metals. This confirms the supposition. first put forward 1n 19$S,
that the albedo of any parnt of the lunar surface is dependent on the length of time for which 1t has
been exposed. This albedo effect is likely 10 dominate over efects due to repional chemical dnﬂ’m.
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Opticai properties of the Apollo 15 deep core samples

T. GoLd. E. Bnsown. and R. L. Banon

Center for Radiophyuics and Space Research, Srace Sciences Buiiding. Correil Uany eruty.
Ithaca. New York 14830

Abstract~The vunations of albedo observed 1t Liferent deoths .n 2 core ‘ube \how almost as ‘arge 3
range as occurs on the surface over 'he entire noon Different regons in the core tube are very <harply
separated from each other. demonstrating that itle miung had taken piace in the deposition process
or subtequently A possible :ofrelation setaeen dibedo and covmic rav eXPOSUre 19 nved.
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Observation of iron-rich coating on lunar grains and a
relation to low albedo

T. Goup. E. Bison. and R. L. Baron

Center for Radivphy sics and Space Research. Space Sciences Building,
Cornell Universi'y. Ithaca. New York 14850

\bmnn-dhcomcnmuluw:ummchyasolhnnsmluawksqusudkdbyAuunqnﬁnmcqn
and were foand 10 contan 1n €ach case two to three Limes Mmore iron thaa the mezs bulk composition of

ihe sampie. The amoust of excess won is found 10 be closely correlated with the optical albedo ma the -
mnanner that would be theoretically expected if the iron provided absorption Centers. Crushed luaar
rocks of similar mean compusition. but acking the extra iror coating of the soil graias. have a much
higher albedo thaa most lunar soils sampled or observed om the lunar surface.

LUNAR SCIENCE VI, Lunar Science Institute, Houston, Texas (1975)

_ EXTRALUMNAR CRIGIN OF THE LUNAR SOIL. T. Gold, Center for Radio-
chysics §& Srace Research, Cornell Univ., Ithaca, N.Y. 14850

The possibility that the lurar surface represents merely the last stages

of the accretion process that formed the Moon has not received much atten-
cion (1,2,2). Yet, this is clearly a question of cverriding importance to
~he entire lunar investigation grogram.

vary strong evidence concerning the lunar soil, such as its expcsure
racord, its state of decosition, as well as radar and seismic evidence; how-

acrears to us to —ake the case that the surface material fell in nore or

less in its prasent form, rather than that it is the ccnseguence of neteori-

tic grinding of a lunar endogenic crust. Further evidence concerning the
Apollo 17 orange soil, the masccns and their absence on the back, and the
many indications of surface denudation and deposition all speak for infall
and surface transportation processes as having been the dcminant effects.
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Auger analysis of the lunar soil:
Study of processes which change the surface chemistry and albedo

T. Goup. E. Bitso~ and R. L. Barow

Center for Radsophy sics and Space Rescarch.
Space Sciences Building. Corneil Uanersity. lthaca. New York 13883

Aburaet— The chemical compusition of the cuterm™most few Jstom 'avers of (hirteen vl samoples and
ain roch campies from ail Apolio sites way stinhed by Auger eieciron specirosCopy Al conl ampies
chowed a large 17cTease 1N the (ron-1o-0L " gen ratio 1and theredy of (he surface concentration X iron) ®
compated with amples of crushed rach of o th “esuits of the “uik  Nemucal snaivns. The negatine
zorrelation between the smoumt of thes enhanced iron and the albedo of sl sampies. reported carlier
"y us. ¢ 20w greatls sirergthened. and shows the funchional dependence evpected {rom 4 populaton
of absrpMion L znters Rat iy proportional 1o he surface iron Jontent .

Crushed ‘unar rouh samples evposed 10 - e\’ protons that amu'ate olar-wind sutosure for
SUN-000 1 £ ev it Roth an increase of “he sutface iron und J onering of “Ne Aledo 1Nat Mahes these
-esemble :'usern he 'unar st A Roth resredts Whne o sarters of surtace megtoaten efects may
have heea & trert 1 arscars ‘hat AR sdeduate AT Lfalion ‘or che low LRedo of "he = and the
Jhermical curface procerties of “he «on wauf e Faund q Che seedtive deriet.on of g urd siber
LRt plermentt) Ay o voad sputiening




Powc Longr SO Cont M VAL 5 el ey
Prnted i the L need Sisies 4 \mercs

Electrical properties of Apollo 17
rock and soil samples and a summary
of the electrical properties of
lunar material at 450 MHz frequency

T Goup, E. BiLson. and R. L. Baron

Center for Radwphyins and Space Research. Space Scrences Buiding,
Cornell Unnversaty. Ithaca. New York (4853

Abstract—The dielectne consiast and the soltage alnorption ‘ength was measured for four Apolio 17

sod samples (“3241, 3220, 061, ind “6501) and for tmo Apollo 17 rock samples (“631$ and “9139)

at 350 \Hz frequency The dielecine constant and ab1orphon length Neasurements made on all owr

‘uRar sampies are reviewed and related 1o the ‘ransitiva eiement CORCENTILGN 1N these samples. The -
sigaificance Of the labUratory measurementsy‘or radar obserations 13 fiscussed.
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The surface chemical compasition of lunar samples

» and its significance for optical properties
- T. Goup. E. BitsoN, and R. L. Baron

Center ‘or Radwohvecs and Space Research. Space Scienae Burding. Corneil Universaty. Ithaca.
.. New York 11883

Abstract—The surface .roa. ttamum. caicsum. sad stheom concentration in sumercus iunar sou and
fovk campies was determmined Sy Auger eicctron spectroscopy As reported srevwously all sod sampies
show 3 “arge 'nireasy ia the wron 1o ORI gEN I sand theredy of the surface concentraton of roa)
<0pared with samples of Hulvernzed rock or wath resuits of therr ruik chemcal analysis. The surface
Llasum corsentration of (he sl 14 2iso sigmficantdy increased vo the “ulk <onCentrativn » hereas the
wrface Scium and 3Hcon concentration 11 ot sgndficantly diferent from the dutk comceniraton »
these ciements. -

A wlar wind vimulaton evpenment uning Zheh energy a-particies showed that an ron Jose
CHTEIPOALING 10 approvimateis 30.000 yr of wiar wind increased the iron concentration on the surface
of he pulienzed Apaly 14 roch ‘ample. 14310 15 :he concentrainon Messured :n ‘he Apollo (4 «d
™ e 4083 Jag the Jtedo f ‘Ne Tavenzed b lesreased frem ) 4 1o QT

The 0w Reco us compared ‘o *Nat of fuvenied S}t o (e Jnar il oy seen 10 Se closeny 1oy
slep aith “he surfoce comentration of ron arg TANLM as fetermired Sy Auger methods A wowr
&'nd HPLTler ¢ ILClIon MeCRLrIam s Liscussed A3 3 TIvsiee Jause o1 Soth cfie surface Chemacal and
SPLLI Sraperties of Ne Jou
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Q@" Chemical and optical properties at the Apollo 15 and 16 sites

T. Gouwp. E. BiLsori. and R. L. Barown

Center for Radiophy sics and Spece Rerearch. Space Scieaces Buiding. Cornell University.
khaca. New York 14833

M. Z Au and W. D. EnManN
Department of Chemistry. Uanversuy of Kestucky. Letmgion. Kentucky 40508

Abstracs—The bulk chemical compositios. the surface chemical coacestration of four major ele-
ments. a30d the optical albedo were determined for six core samples. frem twe sites and from fowr
ummm-mmm.uwlum.«namm.m»mdu
ses of the cores. The chemical composstion of the core samples was found 10 be relssed .~
wudmudmumlmmuum.ummdmmmmwm
m'hmm:ummmymmwlalumimumnm&
v«“luthccmuapia.»\wdhyam:ht«molthwl.‘deqdnlcmmfm
to&umﬂhmremzlhmnuﬂxcmmm;w:m-mlwndtohc

more similar than is usual, and the albedo was eaceptionaily hgh. though still oaly 0.6 of the alhedo
of rushed rock of vunilar componnon

mmamdlmuumﬂsuummdxmmm
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Electrical properties at 450 MHz of Apollo 15
and 16 deep drill core samples and surface
soil samples at the same site

T. Gouwp. E. BiLson. «nd R. L. BaroN

Center for Radiophysics and Space Research. Space Sorences Building.
Cornell Uninersuy. lthaca. New York 14853

Abstracs—The diglectne constant and the voltage absorptson ‘ength were measured for Apollo 1Saad o
16 deep core sampies at 430 MHz frequency. The measured values are compered 10 those obtaned
fur surface sod samples (rom the same mnson.

The absorbencies in the core samples were found 10 be in the same range as those Of the surface
sampies. The ugmicance of these results for radar obrervauons i discussed.

Phi. Trems. R. Sec. Lond. \. 288, 4. 1 1977) [ 27 ] ;
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The relationship of surface chemistry and albedo of lunar soii samples

By T. Goup, F.RS,, E. Bitsox axp R. L. Barox
Center for Radiop*ysics and Spece Research, Cornell University
Ithaca, New Tork 14833, U'.S.A.

A relation betseen the albedo and the surface iron corcentration ‘determined bv
Auger elec:ron spectroscopy of lunar soil sampies is described. The effect of solar wind
sputiering on the surface chemistry and albedo of the soil is discussed.
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e a\pf‘he Search For the Cause of the Low Albedo of The Moon
4"‘;C»Q$ T. Gow. E. Biuson. 1D R. L. Bazron
-

Center “or Ramopirsics aad Space Reseorcn. Cormeli [ wcernts. i:hecs. New Yora 8883
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THE SURFACE COMPOSITION OF LUN AR SOIL GRAINS A COMPARISON OF THE RESULTS
OF AUGER AND X-RAY PHOTOELECTRON 1ESCA) SPECTROSCOPY

R L.BARON.E BILSON.T GOLD
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SOLAR <%0 EFFECTS Ul THE SURFACE CGHEMISTRY OF L NAR SRAINS

Elizabeth dilscam

center Jor Radiophysics b Space lesearch, Cornell Taiversity, lthaca, 8.Y. 14853

Abseract. Surface enshancemsnts of ‘rom and
Tagnesium {a crystals from lunar rock amd sotl
samgles have deen easured dy loa 3icroprobss
and were attriducted to solar vind i{amplantatioa
3f these elements. I3 this saper it i3 showa
hat these surface enhance=wnts and in particu-
+ar the Fe/Mg surface concentratioa ratils can
4180 Ye exrlained as resulting fros the sputier
aczion of solar wiad protons and de ons. Far-
thersore, siace chese (0ns afe tan thousand
Ti"ms =0re Aagundant .3 the solar vwiad an icnas
3f the elemants <sauld priacipally c:imstitute *=e
Lenar grains, calculations lesonstrate chat
sputteriag by frotons and 3¢ {cas oves ap-
proexizately 3 hundred tizes 2ore Mg ato=s, for
exa=pie, than 2he =uTder S soclar wiad '3 :ons
strig.ag he surface. Iom iplantaticr i3 ane-
lizely, chus, 3¢ =awe a lo=inant e¢ffe.t »m 2he
SA.0r ele2wne 3=pIs2tion I the s "ace of
Lunar graias.
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